Methane (CH 4 ) emissions are known to differ between rice (Oryza sativa L.) cultivars, where CH 4 emissions from pure-line cultivars are often greater than from hybrids. Numerous field studies have shown that CH 4 emissions follow a diurnal pattern, typically reaching their maximum during afternoon hours. However, it is unknown whether cultivar affects CH 4 fluxes/emissions at various measurement times of day or how those cultivar effects may differ spatially across soil textures and temporally throughout the rice growing season. The objective of this field study was to evaluate the effects of time of day (300, 800, 1200, 1800, and 2300 hours) and cultivar (one hybrid and one pure-line) on CH 4 fluxes before and after heading from a silt-loam and clay soil in a direct-seeded, delayed-flood rice production system. Enclosed headspace chambers, 30 cm in diameter, were used for CH 4 gas sampling on 22 July and 19 August at a silt-loam site and on 29 July and 26 August, 2014 at a clay-soil site in the Lower Mississippi River delta region of eastern Arkansas. Methane fluxes measured pre-and post-heading ranged from 0.7 to 2.2 mg CH 4 -C m −2
Introduction
Measurement time of day is important for attaining the most accurate estimations of seasonal and/or annual methane (CH 4 ) emissions [1] . Consequently, temporally scaled CH 4 emissions may be under-or over-estimated depending on the time of day in-field CH 4 flux measurements are conducted. However, a reasonable balance must also be achieved between accuracy and practicality for conducting in-field CH 4 flux measurements for systematic research purposes.
As with many biologically mediated processes, CH 4 emissions from flooded soils under rice (Oryza sativa L.) production have been suggested to follow a diel pattern controlled by diurnal soil temperature fluctuations [2] [3] and/or gross ecosystem photosynthesis [4] [5] . However, there is some inconsistency for the time of day when daily peak or average CH 4 emissions occur. Most studies have reported peak emissions during the daytime, either in late morning to early afternoon [6] [7] [8] [9] or during mid-to late afternoon [2] [4] [7] [10] [11] [12] [13] . During the night and early morning have generally been reported as the times of day with the lowest CH 4 fluxes/emissions [6] [7] [8] [11] [13] . Previous reports indicate diurnal variations (i.e., the amplitude and timing of flux minima and maxima) in CH 4 emissions may also differ over time within the growing season [8] [10] [12] . However, numerous studies have also reported no significant difference in CH 4 emissions between day and night [6] [14] [15] . Differences between cultivars have generally been consistent given the multitude of factors that have been shown to affect CH 4 fluxes and emissions throughout a growing season, such as soil texture [16] [17] [18] [19] , fertilizer nutrient source [20] , organic soil amendments [8] [12] , residue management/previous crop [21] [22] [23] [24] , water management scheme [8] [25] [26] , and production system [27] . Typically, hybrid rice cultivars have lower season-long CH 4 emissions than do pure-line cultivars [23] [24] [28] [29] .
Though cultivar effects on season-long CH 4 emissions are generally wellunderstood, it is unknown how cultivar may affect CH 4 fluxes/emissions at different measurement times of day. It is also unknown how potential cultivar effects on diurnal CH 4 emissions may interact with soil texture and/or rice growth stage. Furthermore, as many of the previous studies have been conducted decades ago, in-field methodological and analytical laboratory measurement advancements have subsequently been made, which makes revisiting the issue of diel CH 4 emissions warranted, particularly in the direct-seeded, delayed-flood rice production system for which no known previous diel emissions studies have been conducted. Therefore, the objective of this field study was to evaluate the effects of time of day and cultivar on CH 4 fluxes before and after heading on a silt-loam and clay soil in a direct-seeded, delayed-flood rice production system in Arkansas. It was hypothesized that, similar to other physiological plantrelated processes, CH 4 fluxes would be greater during the day than during the night. Based on past reports of lower season-long CH 4 emissions from hybrid compared to pure-line cultivars, it was also hypothesized that CH 4 fluxes from a hybrid would generally be lower than from a pure-line cultivar regardless of (UACES) guidelines [36] . On 26 March 2014 at RREC (i.e., the silt-loam-soil location), phosphorus (P) and potassium (K), 100 kg•ha . Clay soils require a greater seeding rate than silt loams and hybrids have lower seeding rates due to an increased capacity to tiller compared to pure-line cultivars [36] . After planting at both locations, levees were con- ). According to UACES guidelines [38] [39], insects and weeds were managed in all field plots throughout the season to remain below yield-affecting threshold levels of pests.
Soil Sampling
One set of five soil cores was collected prior to N fertilization and flooding from the top 10 cm in each plot using a 2-cm-diameter push probe and combined into one sample per plot. Samples were dried in a forced-draft oven at 70˚C for 48 hr, Laurel, NJ). Total C and TN concentrations were used to calculate the soil C:N ratio. Mehlich-3 extractable nutrient (i.e., P, K, Ca, Mg, Fe, Mn, Na, S, Cu, and Zn) concentrations [40] were measured by inductively coupled plasma atomic emission spectroscopy (Spectro Arcos ICP, Spectro Analytical Instruments, Kleve, Germany).
A second set of samples was collected from the top 10 cm using a slide hammer and 4.7-cm-diameter core chamber with a beveled core tip, dried at 70˚C ).
Methane Gas Sampling
Methane fluxes were measured in all replications of both cultivars at 300, 800, 
Statistical Analyses
Based on the RCB design of the cultivar treatments at each location, an analysis of variance (ANOVA) was conducted, separately by location, in SAS (version 
Results & Discussion

Initial Soil Properties
Initial, near-surface soil properties varied slightly to not at all between cultivars at each location. At both locations, cultivar did not affect (P > 0.05) soil physical properties, namely sand, silt, and clay concentration and bulk density, in the top 10 cm prior to flood establishment (Table 1) . Similarly, at both locations, cultivar did not affect (P > 0.05) near-surface soil chemical properties, namely soil pH, extractable soil Fe, Cu, and Zn and TC and TN contents, or C:N ratio, prior to flood establishment. On the silt-loam soil at RREC, cultivar did not affect (P > 0.05) extractable soil Mg and S and SOM contents, while on the clay soil at NEREC, cultivar did not affect (P > 0.05) extractable soil P content. However, at both locations, extractable soil K, Ca, Mn, and Na contents in the top 10 cm were greater (P < 0.05) for the pure-line than the hybrid cultivar. Soil EC and extractable soil P in the top 10 cm were greater (P < 0.05) for the pure-line than the hybrid cultivar at RREC, but soil EC was greater (P < 0.05) for the hybrid than the pure-line cultivar at NEREC. At NEREC, extractable soil Mg and SOM contents were greater (P < 0.05) for the pure-line than the hybrid cultivar, while extractable soil S content was greater (P < 0.05) for the hybrid than the pure-line cultivar. Though some pre-flood differences in near-surface soil properties existed between cultivars at both locations, the soil property differences were small and not expected to affect rice growth or production at either location [36] .
Hourly CH4 Fluxes and Estimated Daily Emissions
Hourly CH 4 fluxes and estimated daily emissions differed by measurement time of day, rice cultivar, or both among location-growth stage combinations (Table 2) .
Hourly CH 4 fluxes and estimated daily emissions differed between cultivars K. R. Brye et al. Means within a row and location with different letters are significantly different at the P < 0.05 level.
among the various measurement times of day (P < 0.023) at the pre-heading growth stage from the silt-loam soil at RREC. Hourly CH 4 fluxes from the pureline cultivar were greatest at 2300 hours, smallest at 800 hours, and did not differ among the 300, 1200, and 1800 hours measurement times of day (Figure 1(a) ).
Similar to the pure-line cultivar, hourly CH 4 fluxes from the hybrid were greatest at 2300 hours, but similar among the other four measurement times of day.
Hourly CH 4 fluxes only differed between cultivars at the 2300 hours measurement time of day, where the hourly flux from the pure-line was 1.6 times greater than that for the hybrid.
Estimated daily CH 4 emissions from both cultivars followed similar patterns to hourly fluxes at the pre-heading growth stage from the silt-loam soil at RREC Figure 1(b) ). Numeric and/or statistically significant daily emissions minima were achieved at 800 hours, while maxima were achieved at 2300 hours for both cultivars (Figure 1(b) ). Based on linear interpolation among the hourly CH 4 fluxes from five measurement times of day, the all-times estimated daily CH 4 emissions was achieved for both cultivars at the 300, 1200, and 1800 hours measurement times of day.
Hourly CH 4 fluxes and estimated daily emissions differed between cultivars (P < 0.003) and differed among the various measurement times of day (P < 0.001) at the post-heading growth stage from the silt-loam soil at RREC (Table 2) , respectively).
Averaged across cultivar, hourly CH 4 fluxes were greatest at the 300 and 2300 hours, which did not differ, and lowest at the 800, 1200, and 1800 hours, which did not differ, measurement times of day (Table 3) .
Estimated daily CH 4 emissions, averaged across cultivar, were greatest at 2300
hours and smallest at 800 and 1800 hours, which did not differ, at the postheading growth stage from the silt-loam soil at RREC (Table 3) contrast to that at pre-heading, the all-times estimated daily CH 4 emissions was only achieved at the 1200 hours measurement time of day. Estimated daily emissions from the 300 and 2300 hours measurement times of day were greater, while that from the 800 and 1800 hours measurement times of day were smaller than the all-times estimated daily CH 4 emissions.
In contrast to that at the pre-heading growth stage from the silt-loam soil at RREC, hourly CH 4 fluxes and estimated daily emissions only differed among the various measurement times of day (P < 0.001), but were unaffected by cultivar (P > 0.05) at the pre-heading growth stage from the clay soil at NEREC (Table 2) .
Averaged across cultivar, hourly CH 4 fluxes and estimated daily CH 4 emissions were greatest at 300 hours and lower, but similar, among the other four measurement times of day (Table 3) . The all-times estimated daily CH 4 emissions were achieved at the 800, 1800, and 2300 hour measurement times of day. Estimated daily emissions from the 300 hours measurement time of day were greater, while that from the 1200 hours measurement time of day were smaller than the all-times estimated daily CH 4 emissions. Means within a variable and location-growth stage combination with different letters are significantly different at the P < 0.05 level.
Contrary to that hypothesized, the maximum hourly CH 4 flux and estimated daily emissions occurred during the night (i.e., at 2300 and/or 300 hours) rather than during the day at both the pre-and post-heading growth stages from the silt-loam soil at RREC and the pre-heading growth stage from the clay soil at NEREC. Though somewhat inconsistent with previous decades-old reports, peak emissions occurring during the night could be explained by a combination of improvements to in-field methodologies and cultivar genetics and differences in rice production systems used presently compared to those present at the time the previous studies were conducted. To our knowledge, no previous studies of diurnal CH 4 emissions have been conducted in the direct-seeded, delayed-flood production system in Arkansas, in which this production system differs somewhat from those used in Louisiana, Texas, and California. Enclosed-headspace, chamber-based, in-field measurement procedures have likely advanced to reduce in-field variability and advancements in analytical laboratory techniques (i.e., gas chromatography) likely have enhanced sensitivity and accuracy compared to decades ago. In addition, cultivar breeding efforts, genetics, and trait manipulations have increased in complexity, such that the cultivars, both pure-lines and hybrids, which are being grown presently, are quite different than those that were grown decades ago. Even slight changes in plant physiological and metabolic Similar to that at the post-heading growth stage from the silt-loam soil at RREC and at the pre-heading growth stage from the clay soil at NEREC, hourly CH 4 fluxes and estimated daily emissions differed among the various measurement times of day (P < 0.001), but, similar to that at pre-heading from the clay soil, were also unaffected by cultivar (P > 0.05) at the post-heading growth stage from the clay soil at NEREC (Table 2) . Averaged across cultivars, both hourly CH 4 fluxes and estimated daily emissions were greatest at 1800 hours and lowest at 800 hours at the post-heading growth stage from the clay soil at NEREC (Table 3) . Though hourly CH 4 fluxes were greater at 1200 and 2300 hours, which did not differ, than at 300 hours, estimated daily emissions from 300, 1200, and 2300 hours were all similar to the all-times mean estimated daily CH 4 from the silt-loam soil (Table 3) , which characterized fluxes from relatively lowemissions soils [47] . Though not formally assessed, the numerically lower emissions from the clay compared to the silt-loam soil are consistent with previous reports [16] [18] [19] . It is generally understood that lower gas diffusion rates associated with finer-(i.e., clays) compared to coarser-textured soils (i.e., silt loams) allow for greater CH 4 oxidation before being emitted to the atmosphere, thereby reducing CH 4 emissions [19] . Furthermore, clay soils tend to require a longer duration than do silt-loam soils to achieve the requisite oxidation-reduction potential for CH 4 production [18] [48], which further reduces CH 4 production and emissions from clay compared to silt-loam soils. The soil-texture effect on CH 4 emissions may also be responsible for the lack of a cultivar effect on CH 4 emissions from the clay (NEREC) compared to the silt-loam soil (RREC) in this study (Table 3) . In contrast to studies that reported no diurnal variation [6] [14] [15] , CH 4 fluxes/estimated emissions differed among measurement times of day for each of the four location-growth stage combinations in the direct-seeded, delayed-flood production system measured in this study. These results were similar to the measured diurnal variations reported previously [2] [4] [6]- [13] . Though greater diurnal variations have been reported early compared to late in the growing season [8] [10], results of this study indicated the proportional range in diurnal CH 4 fluxes/estimated emissions was similar before and after heading from both soil textures (Table 3 ). The numeric peak CH 4 flux was 23% to 33% greater than the numeric low among the various measurement times of day across the four location-growth stage combinations, which was similar to the magnitude of variation reported by Yagi and Minami [13] .
Based on results from four location/soil texture-growth stage combinations [51] and is similar to the timing suggested by Minamikawa et al. [1] from measurements in Japan and Weller et al. [52] from measurements in the Philippines.
Summary & Conclusions
Based on the results of this field study conducted among four location-growth stage combinations during the 2014 rice growing season from the direct-seeded, delayed-flood production system in eastern Arkansas, hourly CH 4 fluxes and estimated daily emissions differed among measurement times of day for a given fluxes would occur at night, after photosynthesis for the day has ceased, the combination of recent advances in rice breeding, particularly with hybrid cultivars, and methodological improvements to in-field gas sampling and laboratory analytical techniques warrant revisiting conclusions drawn from studies conducted several decades ago.
